Abstract Peroxisome proliferator-activated receptors (PPAR) exist in three different forms, alpha (a), beta/delta (b/d), or gamma (c), all of which are expressed in skeletal muscle and play a critical role in the regulation of oxidative metabolism. The purpose of this investigation was to determine the mRNA expression pattern of the different PPARs and peroxisome proliferator-activated receptor alpha coactivator-1 alpha (PGC-1a) in muscles that largely rely on either glycolytic (plantaris) or oxidative (soleus) metabolism. Further, we also examined the alterations in the PPARs mRNA expression after one bout of endurance exercise or after 12 weeks of exercise training in the different muscles. Female Sprague-Dawley rats (5-8 months) were either run on the treadmill once or exercised trained for 12 weeks. The muscles were removed 24 h after the last bout of exercise. The results demonstrated with the exception of PPAR b/d, the PPAR mRNAs are expressed to a greater extent in the soleus muscle than in the plantaris muscle in sedentary animals. PPARc was the least abundantly expressed PPAR in either the soleus or the plantaris muscle. With respect to exercise training, only PPARc mRNA expression increased in the soleus muscle, while PPARb/d and c mRNA levels increased in the plantaris muscle. Minimal changes were detected in any of the PPARs with one bout of exercise training. These results suggest that PPARc mRNA levels are the lowest in skeletal muscle among all of the PPARs and PPARc mRNA is the most responsive to changes in physical activity levels.
Introduction
The regulation of metabolic function in skeletal muscle has been an intense area of scientific research for numerous years. Skeletal muscle as a tissue is metabolically plastic in that changes in contractile activation of the tissue can affect metabolic mRNA and protein expression. In fact, in 1967 John Holloszy demonstrated that exercise training can have significant effects on mitochondrial enzyme activity in skeletal muscle [1] . Since, numerous studies have found that exercise-induced metabolic adaptations in muscle are highly specific to the type of exercise as well as its frequency, intensity, and duration [2] . Currently, numerous labs are attempting to identify the molecular mechanisms that regulate the metabolic phenotype of the muscle. Peroxisome proliferator-activated receptors (PPARs) have recently garnered a lot of attention based on their ability to affect gene expression of a number of genes involved in metabolic function.
The peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors and members of the nuclear hormone receptor family [3] . The PPARs form homodimers or heterodimers with other PPARs or co-factors allowing them to bind with the consensus sequence AG GTCANAGGTCA. Currently, there are three different isoforms of PPARs, PPARa, PPAR b/d, and PPARc and the expression levels of the PPAR isoforms are dependent upon the tissue of interest [3] . PPARc also has splice isoforms, PPARc1 and PPARc2, with PPARc2 being specifically contained in adipocytes [4] . Although, it has been suggested that skeletal muscle contains both c isoforms this appears to be due to adipocyte contamination in skeletal muscle [4] . In particular, PPARs are thought to be expressed in tissue that are highly oxidative and transcriptionally target genes responsible for lipid metabolism [3] .
Another molecular target, peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC-1a), is a transcriptional co-regulator that can affect the metabolic function of skeletal muscle by increasing the expression of genes associated with the mitochondria [5] . Previous research has found that acute bouts of exercise can increase PGC-1a expression [3] and transgenic overexpression of PGC-1a in skeletal muscle results in a muscle that can oxidize lipid more effectively [5] . Thus, the PPARs and their co-factors have a unique ability to affect various phenotypic aspects of skeletal muscle.
The purpose of this investigation is to determine the expression pattern of the corresponding mRNAs for PPARa, PPAR b/d, and PPARc1 (referred to as PPARc from now on) expression in skeletal muscles that are predominantly composed of oxidative (soleus) and glycolytic (plantaris) fibers. In addition, we also examine the effect of acute exercise and endurance exercise training on the mRNA expression of PPARa, PPAR b/d, and PPARc in both the soleus and the plantaris muscles. It was hypothesized that based on previous findings in the literature, PPARa, PPAR b/d, and PPARc mRNA expression will be associated with the oxidative potential of the muscle and the mRNA expression will be altered by an intervention that induces a more oxidative phenotype.
Methods

Animal model and treadmill training
Female Sprague-Dawley rats (age 2-3 months) were randomly assigned to an exercise training (trained) group (n = 9) or a sedentary group (n = 10). All animals were housed in the same facility with a 12:12-h light-dark cycle, with food and water provided ad libitum. Animals were exercise trained according to previously described protocols [6, 7] . Animals were familiarized by placing them on a motorized treadmill (0% grade) for a total of 5 days and running them at 15 m min -1 per day for 5 min (1st day) to 20 min (5th day) per day. For the acute exercise, rats ran for 1 day at 15, 30, and 15 m min -1 for 10, 40, and 10 min, respectively. For the trained group, the animals ran for 12 weeks at this protocol. Animals in the sedentary group were placed on the non-moving treadmill for the same amount of time as the trained rats to serve as handling controls. The soleus and plantaris muscles were not removed until 24 h after the last exercise bout with the exception for the acute bout, which was removed immediately after the exercise bout. This design allows us to determine effects of exercise training versus the effects of the acute bout of exercise. The animals were anesthetized with sodium pentobarbital (35 mg/kg; ip injection). The soleus and plantaris muscles were carefully dissected and frozen in liquid nitrogen. The muscles were then stored at -80°C until needed. The study was conducted under the guidelines accepted by the American Physiological Society and received prior approval from the Institutional Animal Care and Use Committee at the University of Colorado at Boulder.
Citrate synthase activity
Citrate synthase activity was measured according to previously described methods [8] and normalized to the protein content of the sample.
Reverse transcription of total RNA Total RNA was isolated and reversed transcribed according to previously described methodology [9] . Briefly, 1 lg of total RNA was reversed transcribed with SuperScript II reverse transcriptase (Invitrogen, San Diego, CA, USA), mixed oligo (dT), random decamers (Ambion, Austin, TX, USA) in a 25-ll reaction at 42°C for 50 min. The reaction was inactivated by incubation at 70°C for 15 min. The samples were subsequently stored at 4°C for later use.
Semi-quantitative PCR
All methods have been previously described [9, 10] . The following primer sequences were utilized (5 0 ? 3 0 ): PPARc forward = ccctggcaaagcatttgtat, PPARc reverse = actggcacccttgaaaaatg; PPARb/d forward = aacatccccaactt cagcag, PPARb/d reverse = tactgcgcaagaactcatgg; PPARa forward = tcacacaatgcaatccgttt, PPARa reverse = ggccttg accttgttcatgt, PGC-1a forward = atgtgtcgccttcttgctct, PGC-1a reverse = atctactgcctggggacctt, UCP3 forward = gagtcag gggactgtggaaa, UCP3 reverse = gcgttcatgtatcgggtctt, PDK4 forward = tcacacaatgcaatccgttt, and PDK4 reverse = caccagtcatcagcctcaga. All primers were purchased from Invitrogen (San Diego, CA, USA).
Two microliters of each reverse transcription reaction were mixed with 12.5 ll of AccuPrime Super Mix II (Invitrogen, San Diego, CA, USA), 0.5 lM 18S primer/ competimer mix, and 0.2 lM target primer mix in final 25-ll volume. PPAR and PGC-1a amplifications were performed in an Eppendorf Mastercycler with an initial denaturing step of 94°C for 2 min, followed by an optimized number cycles for each target for the following program 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C. The final cycle ended with 10 min at 72°C. The optimized number of cycles was as follows for each target: PPARc = 35, PPARa = 30, PPARb/d = 29, PGC1a = 35, UCP3 = 30, and PDK4 = 30. The signal determined for each target was subsequently normalized to the signal for the 18S target as previously described [9, 10] . For the experiments run comparing the two different muscle types (i.e., Fig. 1 ), all mRNA targets in both muscles were run simultaneously on the same PCR machine to ensure none of the differences detected were due to differences in amplification efficiency. This allowed us to accurately compare the expression levels of the different transcripts against each other and across both types of muscles. For the sedentary and exercise (acute and trained) conditions, each mRNA target was run individually in both types of muscle and in all three conditions, thus the different mRNA targets were analyzed separately.
Statistics
All data are expressed as mean ± SE. Statistical significance was determined using a one-way analysis of variance for multiple comparisons followed by a Tukey's post hoc test. A P value of \0.05 was considered significant. The coefficient of variation (CV) was checked for all targets in each group, with the largest CV being 3.2%.
Results
Peroxisome proliferator-activated receptor mRNA expression was compared across two phenotypically distinct skeletal muscles, the soleus, and plantaris muscles. The soleus muscle exhibits a high oxidative phenotype, while the plantaris muscle exhibits a more glycolytic phenotype [11] . Here, we found that with exception of PPARb/d, the soleus exhibited significantly higher levels of PPARa and PPARc mRNA compared to the plantaris muscle (Fig. 1a) . In addition, out of the three forms of PPAR, we found that PPARc mRNA expression was the lowest in both the soleus and the plantaris muscle (Fig. 1a) . No differences were detected in mRNA levels between PPARb/D and PPARa in the soleus or the plantaris muscles. PGC-1a mRNA expression was higher in the soleus muscle compared to the plantaris muscle (Fig. 1b) .
Next, we sought to determine the effect of one bout of acute exercise and 12 weeks of exercise training on the expression of the three forms of PPARs and PGC-1a at the mRNA level in the soleus and plantaris muscles. In order to determine the effectiveness of the exercise conditions, we measured citrate synthase activity in the muscles. Citrate synthase activity significantly increased by *57% after 12 weeks of exercise training in the plantaris muscles compared to the sedentary or one bout group (data not shown). No changes in citrate synthase activity were detected in the soleus muscle after the acute or the exercise training bouts (data not shown). There was a small significant decrease in the body weight after one bout of exercise, but no changes with the exercise training ( Table 1) .
Peroxisome proliferator-activated receptors-c mRNA expression significantly increased in the exercise trained group compared to the sedentary group in both the soleus and plantaris by 45 and 37%, respectively (Fig. 2a, b) . No changes were detected in PPARc mRNA expression after Fig. 1 a, b PPARc mRNA expression is relatively lower than PPARa and PPARb/d in both the soleus and plantaris muscles of the rat (a). PGC-1a mRNA expression is higher in the soleus muscle compared to the plantaris muscle (b). * Significantly different than the soleus muscle, # different than soleus muscle in the alpha and delta group, $ different than the plantaris in the alpha and delta group (P \ 0.05). n = 5 per group one bout of exercise in either the soleus or the plantaris muscles.
Compared to sedentary group, PPARb/d mRNA expression significantly increased in the plantaris muscle after the exercise training by 28%, but in the soleus the expression actually significantly decreased by 27% (Fig. 3a, b) . No changes were detected in PPARb/d mRNA expression after one bout of exercise in either the soleus or the plantaris muscles.
No major changes were detected in PPARa mRNA expression with exercise training in either muscle compared to the sedentary group; however, there was a small significant decrease after one bout of exercise in PPARa in the soleus muscle (Fig. 4a, b) .
In the plantaris muscle, compared to the sedentary group significant increases of 37 and 42% in PGC-1a mRNA were detected in the plantaris muscle after one bout and with exercise training, respectively (Fig. 5a, b) . In the soleus muscle, there was a small, but significant decrease in PGC-1a mRNA expression after one bout of exercise, but no differences in the exercise trained group when compared to the sedentary group. UCP3 and PDK4 have been implicated as downstream targets for the PPAR family of transcription factor, since both contain PPAR consensus elements in their respective promoters. In the plantaris muscle, there was a significant increase in UCP3 and PDK4 mRNA expression after one bout and with exercise training compared to the sedentary Fig. 2 a, b PPARc mRNA is increased in the plantaris (b) and soleus muscle (a) after 12 weeks of treadmill training compared to the sedentary animals. * Significantly different than the sedentary group (P \ 0.05). n = 5 sedentary, n = 7 one bout, n = 8 trained Fig. 3 a, b PPARb/d mRNA is increased in the plantaris (b), but decreased in the soleus muscle (a) after 12 weeks of treadmill training compared to the sedentary animals. * Significantly different than the sedentary group (P \ 0.05). n = 5 sedentary, n = 7 one bout, n = 8 trained Fig. 4 a, b PPARa mRNA is decreased in the soleus muscle (a) after one bout of exercise, but does not changes in the plantaris muscle (b). # Significant differently than the sedentary group (P \ 0.05). n = 5 sedentary, n = 7 one bout, n = 8 trained group (Fig. 6b, d ). However, in the soleus there were no significant changes in PDK4 expression compared to the sedentary group, while there was a significant increase in UCP3 expression after one bout of exercise, but not with training (Fig. 6a, c) .
Discussion
The data presented here demonstrate that PPARc and PPARb/d mRNA levels are responsive to endurance exercise training in both the soleus and the plantaris muscles of the rat. In addition, it was also demonstrated that one bout of endurance exercise altered PPARa mRNA expression in the soleus/plantaris muscle and failed to significantly effect any of the other PPARs in skeletal muscle. Finally, the data also suggest that PPAR mRNA expression is typically higher in an oxidative muscle and lower in the glycolytic muscle, with PPARc being expressed at the lowest level of the PPARs in muscle.
Surprisingly, very little has been done comparing changes in PPAR mRNA expression across different muscle types or in response to differing amounts of exercise training. In fact, we are unaware of any data set, which have compared all three. However, some have looked at changes in one or two of the PPARs. For example, repetitive muscular activation patterns of slow motor units increase PPARb/d expression in predominately glycolytic skeletal muscle [12] . We found that the soleus muscle exhibits higher expression levels of PPARb/d compared to the plantaris, which falls in line with the muscles oxidative profile. Based on gain-of-function experiments, the increased PPARb/d expression appears to contribute to an enhanced oxidative metabolic capacity of the muscle Fig. 5 PGC-1a mRNA is increased in the plantaris after one bout and with training, compared to the sedentary animals. *, # Significantly different than the sedentary group (P \ 0.05). n = 5 sedentary, n = 7 one bout, n = 8 trained Fig. 6 a-d UCP3 (a, b) and PDK4 (c, d) mRNA expression is increased in skeletal muscle with exercise training. *, # Significantly different than the sedentary group (P \ 0.05). n = 5 sedentary, n = 7 one bout, n = 8 trained [12, 13] . This has led to increased speculation that PPARb/ d may play a major role in regulation of oxidative or mitochondrial gene expression in skeletal muscle. Thus, it is enticing to suggest that exercise training-induced increases in PPARb/d expression in muscle that is predominately glycolytic contributes to the well-documented training-induced enhancement of oxidative metabolic properties of muscle. Here, we found PPARc expression increases in both the soleus and the plantaris muscle with exercise training. Increases in PPARc expression have also been found in human quadriceps biopsies 3 h after a bout exercise, but not 48 h post-exercise [14] . These data are in line with our data, which were collected 24 h post-exercise after one bout or the last bout in the trained group. In contrast, Tunstall et al. found reductions in PPARc expression in the quadriceps muscle biopsies with 9 days of exercise training [15] . These differences might be in part due to the differences in species or in the length of training duration between the two studies (i.e. 9 days vs. 12 weeks).
Our findings indicate that minimal changes occur in PPARa mRNA expression with either acute or long term exercise training. This agrees with data in collected in humans, which indicated that PPARa expression does not appear to change with exercise changing in the quadriceps muscle [16] . Interestingly, the loss of PPARa expression in mice resulted in significant reductions in exercise capacity, without significant alterations in metabolic capacity of the muscle, which was predicted to be the result compensatory increase in PPARb/d expression [17] . Thus, it would suggest that normal expression patterns of PPARa are critical for maintenance of exercise capacity; however, it may be found that PPARa alone is not critical for skeletal muscle, since the PPARs may have some redundant qualities.
Peroxisome proliferator-activated receptors are ligand activated transcription factors. At this time, only a few target genes have been identified as having PPAR consensus elements within their specific promoters, although a number of metabolic genes are known to change with overexpression of PPARb/d, at this time, it is unclear if that is due to direct activation by PPARb/d or secondary effects of the overexpression. Specifically, two genes that are expressed in muscle, UCP3 and PDK4, are both known have PPAR elements in their promoter, with PDK4 specifically responding to activation of PPAR delta, while UCP3 appears to have the ability to respond to any of the three forms of PPARs [18] [19] [20] . Our data indicate that PDK4 expression was higher in the soleus muscle than the plantaris (data not shown), which corresponds with the increased PPARb/d expression in the soleus muscle. In addition, PDK4 increased with exercise training in a similar fashion as PPARb/d as in the plantaris muscle. Surprisingly, UCP3 mRNA expression was significantly lower in the soleus muscle compared to the plantaris muscle at baseline (data not shown), although these data are confirmed by similar findings in human muscle in which UCP protein expression is much more abundant in IIX fibers compared to Type I fibers [21] . Finally, we found in the soleus muscle there are significant increases in UCP3 mRNA after one bout of exercise, but not with training. Conversely, in the plantaris muscle there are significant increases in UCP3 mRNA expression with training suggesting that PPARs may not contribute to UCP3 regulation at rest, may contribute to alterations in UCP3 expression changes with training in mixed or glycolytic fiber dominated muscles.
Interestingly, our data suggest that muscles that are phenotypically distinct (i.e., soleus vs. plantaris) show markedly different changes in PPAR mRNA expression to acute and repeated bouts of exercise. Since, the soleus muscle is already highly oxidative it is not terribly surprising that no increases in PPAR expression were detected with under any of the conditions. It is well-known that the soleus muscle has a high capacity based on its very high composition of oxidative fibers [11] , thus it is possible that the soleus is not capable of increasing its oxidative capacity anymore in response to the exercise training bouts compared to the plantaris muscle. This is further confirmed by the fact that the repeated bouts of exercise training resulted in significant increases in citrate synthase activity in the plantaris muscle; however, we found no significant changes in citrate synthase activity in the soleus muscle. However, others have found changes in citrate synthase activity in the soleus muscle with treadmill training [22] . When you compare the training protocols, Siu et al. ran their rats for the last 3 weeks at 28 m/min for 55 min [22] , while our rats ran at a similar speed for a shorter duration. Thus, their exercise protocol was longer in duration which potentially contributed to the detectable increases in citrate synthase activity in the soleus. If the major role of the PPARs is to regulate oxidative metabolism gene expression then it is possible that PPAR mRNA expression is sufficiently elevated in the soleus muscle to the point that it cannot increase anymore, while in a muscle that is maintains a more glycolytic phenotype there is an enhanced response to exercise training in the PPARs. Specifically, the PPARs are likely to have a profound effect on muscle with a low mitochondrial density (glycolytic, plantaris muscle) compared to muscle that retains a high mitochondrial density (oxidative, soleus muscle).
Unlike, the PPARs, quite a few investigations have shown that PGC-1a mRNA expression changes with acute and chronic exercise training (for review see [23] ). Our findings confirm these data and extend them by suggesting that muscles that express a more glycolytic phenotype will see a robust response in expression levels to exercise training compared to muscles that are already oxidative to begin with prior to the exercise training. Overexpression of PGC-1a in skeletal muscle in mice results large increases in mitochondrial density, which is associated with in enhanced endurance capacity and a corresponding decreased RER [5] . Interestingly, not all investigations have shown changes in PGC-1a expression with exercise training in those humans no changes in PGC-1a mRNA were detected with acute exercise or short-term exercising training [15] . This may, in part, be due to the fact that biopsies were taken from the quadriceps muscle and thus it is difficult to account for fiber type differences between subjects. If coupled with our findings, it is possible that samples from the quadriceps were predominately oxidative fibers, which combined with our findings suggests that PGC-1a mRNA expression does not change drastically in muscle that maintains a more oxidative phenotype.
Overall our findings suggest that the mRNA of the PPAR family of transcription factors is sensitive to exercise training in skeletal muscle, but is not particularly sensitive acute bouts of endurance exercise. These findings would suggest that changes in the PPAR mRNA expression are most likely mediated by the accumulation of repeated bouts of exercise as opposed to single bouts of activity.
